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Gaseous  d e t o n a t i o n s  have been s t u d i e d  e x t e n s i v e l y  
and o u r  b a s i c  knowledge of p r e s s u r e s  i n  t h e  d e t o n a t i o n  
wave, i t s  v e l o c i t y  and d e t a i l e d  s t r u c t u r e  i s  e x t e n s i v e .  
!-!owever, t h e r e  i s  no way of p r e d i c t i n g  u n d e r  wha t  
c o n d i t i o n s  a d e t o n a t i o n  r a t h e r  t h a n  a d e f l a g r a t i o n  w i l l  
be e s t a b l i s h e d .  T h i s  i s  no p a r t i c u l a r  c o n c e r n  i n  
fue l -oxygen  m i x t u r e s  a s  a d e t o n a t i o n  u s u a l l y  f o r m s  from 
a d e f l a g r a t i o n  a f t e r  a v e r y  s h o r t  t i n e  p e r i o d  and 
d i s t a n c e  from t h e  i q n i t i o n  s o u r c e .  F u e l - a i r  m i x t u r e s  
i n  c o n t r a s t  h a v e  seldom been obse rved  t o  d e t o n a t e  
a l t h o u g h  one would e x p e c t  t h a t  g i v e n  l a r g e  and long  
enough v e s s e l s  e v e n t u a l l y  d e t o n a t i o n  w i l l  o c c u r .  T h i s  
h a s ,  i n  f a c t ,  been obse rved  i n  n a t u r a l  g a s  and a i r  
m i x t u r e ,  where a d e t o n a t i o n  d e v e l o p e d  even a t  0.4 atm 
i n i t i a l  p r e s s u r e  i n  t u b e s  o f  61  cm d i a m e t e r  and 
93 m e t e r  l e n g t h  ( r e f .  1). 

i l e t o n a t i o n s  and t h e  r e 3 u l t i n g  hiqh p r e s s u r e  p e a k s  
a r e  a d a n g e r  i n  many i n d u s t r i a l  a p p l i c a t i o n s .  T h i s  
e x p e r i m e n t a l  i n v e s t i g a t i o n  was u n d e r t a k e n  t o  a s s e s s  
t h e  d a n g e r s  o f  d e t o n a t i o n s  o r  v e r y  h i g h  p r e s s u r e  p e a k s  
i n  l a r g e  volumes c o n t a i n i n g  f u e l - a i r  m i x t u r e s .  Of 
s p e c i a l  i n t e r e s t  was t h e  p o s s i b i l i t y  of a r r e s t i n g  
d e t o n a t i o n s  o r  d e f l a g r a t i o n  by s p r a y i n g  i n t o  t h e  t u b e  
l a r g e  amounts  o f  w a t e r .  It was t h e  o r i g i n a l  i n t e n t i o n  
t o  c o n d u c t  a l l  e x p e r i m e n t s  i n  a t u b e  of 54.6 cm d i a m e t e r  
and 9.45 m l e n g t h  t h a t  was d e s i g n e d  t o  w i t h s t a n d  h i g h  
p r e s s u r e .  However, a f t e r  i n i t i a l  e x p e r i m e n t s  t h a t  l e a d  
t o  e x t r e m e l y  h i g h  p r e s s u r e  p e a k s ,  i t  was d e c i d e d  t o  use  
t h i s  l a r g e  t u b e  f o r  e x p e r i m e n t s  a t  one a t m o s p h e r e  i n i t i a l  
p r e s s u r e  o n l y  and t o  c o n d u c t  d e t o n a t i o n  e x p e r i m e n t s  a t  
i n i t i a l  p r e s s u r e  h i g h e r  t h a n  one a tmosphe re  i n  a t u b e  
o f  s m a l l e r  d i a m e t e r  b u t  t h e  same l e n g t h  a s  t h e  l a r g e  
t u b e .  

The e x p e r i m e n t s  f a l l  r o u g h l y  i n t o  f o u r  c a t e g o r i e s .  

A. P r e s s u r e  dependence  of f u e l - a i r  d e t o n a t i o n s .  

Bo Comparison of t h e  o n s e t  o f  d e t o n a t i o n  i n  t h e  
l a r g e  and s m a l l  d i a m e t e r  t u b e .  

C. The o c c u r r e n c e  o f  a u t o i g n i t i o n  in '  t h e  
t u b e  e 

a r g e  



D. The i n f l u e n c e  of w a t e r  c u r t a i n s  on e x p l o s i o n s  
and d e t o n a t i o n s .  

In A it was ou r  i n t e n t i o n  t o  s e e  whe the r  f u e l - a i r  
m i x t u r e s  d e t o n a t e  a t  h igh  p r e s s u r e  i n  sys t ems  where 
d e t o n a t i o n s  do n o t  o c c u r  a t  one a tmosphere .  I n i t i a l  
p r e s s u r e s  were t h e r e f o r e  r a i s e d  up t o  4 0  atm. 

d i a m e t e r  t u b e  was made. A s  f u e l - a i r  m i x t u r e s  d i d  n o t  
d e t o n a t e  a t  one a tmosphe re  i n i t i a l  p r e s s u r e  i n  e i t h e r  
t u b e  oxygen e n r i c h m e n t  was used  t o  induce  d e t o n a t i o n  
and t h e  oxygen i n d e x  w a s  t a k e n  a s  measure f o r  t h e  e a s e  
w i t h  which a m i x t u r e  would d e t o n a t e .  

I n  B a compar i son  between t h e  l a r g e  and s m a l l  

In C a s t u d y  was made of t h e  v e r y  h i g h  p r e s s u r e  
p e a k s  t h a t  o c c u r  i n  r e g i o n s  where d e t o n a t i o n  i s  marg ina l .  
These  peaks  w i l l  be s e e n  t o  be due e i t h e r  t o  p r e s s u r e  
p i l i n g  or a u t o i g n i t i o n s  induced  by fo rward  or r e f l e c t e d  
shock waves. 

I n  D t h e  e f f e c t i v e n e s s  of w a t e r  c u r t a i n s  mas 
i n v e s t i g a t e d .  These  e x p e r i m e n t s  were done i n  t h e  l a r g e  
t u b e  w i t h  oxygen en r i chmen t . .  The s p r a y s  cove red  t h e  
whole c r a s s  s e c t i o n  of  t h e  t u b e  and t h e  amount of  
i n j e c t e d  w a t e r  was  e x t e n s i v e .  

The i n s t r u m e n t a t i o n  was r e s t r i c t e d  t o  h igh-speed  
p r e s s u r e  measurements .  T h i s  a l lowed  a f u l l  a n a l y s i s  o f  
t h e  p r e s s u r e  h i s t o r y  i n  t h e  t u b e  b u t  gave o n l y  i n d i r e c t  
e v i d e n c e  o f  t h e  p o s i t i o n  of  t h e  f lame f r o n t .  S u r f a c e  
the rmocoup les  w e r e  t r i e d  t o  g e t  t h i s  a d d i t i o n a l  
i n f o r m a t i o n  b u t  were  n o t  t o o  s u c c e s s f u l ,  no d o u b t  due  
t o  t h e  f a c t  t h a t  t h e  f l ame  f r o n t  d u r i n g  t h e  d e f l a g r a t i o n  
s t a g e  was h i g h l y  t u r b u l e n t  and c l e a r  s i g n a l s  were n o t  
r e c e i v e d ,  e x c e p t  when a d e t o n a t i o n  had been e s t a b l i s h e d .  
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Two c l o s e d  t u b e s  of a p p r o x i m a t e l y  the same l e n g t h  
were employed i n  t h i s  i n v e s t i g a t i o n .  A l a r g e  t u b e ,  
54.6 cm i n  d i a m e t e r ,  was used f o r  t h e  b u l k  of t h e  t e s t s  
a t  i n i t i a l  p r e s s u r e s  of one  a tmosphe re  and f o r  a l l  t e s t s  
i n  which w a t e r  was i n j e c t e d  i n t o  t h e  p a t h  o f  a 
d e f l a g r a t i o n  o r  d e t o n a t i o n .  A s m a l l  t u b e ,  38 mm i n  
d i a m e t e r ,  was used  p r i n c i p a l l y  f o r  t e s t s  a t  e l e v a t e d  
i n i t i a l  p r e s s u r e s .  Both t u b e s  were equ ipped  t o  a c c e p t  
p i e z o e l e c t r i c  p r e s s u r e  g a g e s  a t  v a r i o u s  p o s i t i o n s  a l o n g  
t h e  w a l l s  o f  t h e  t u b e s .  The l o c a t i o n s  of t h e s e  s t a t i o n s  
and of t h e  w a t e r  i n j e c t i o n  p o r t s  a r e  g i v e n  i n  T a b l e  I 
and d i a g r a m m a t i c a l l y  i n  F i g u r e  1. F r e e  s t r e a m  p r e s s u r e s  
were measured w i t h  a s  many a s  e i g h t  K i s t l e r  SLM PZ 6 
m i n i a t u r e  p i c k u p s  whose s i g n a l s  were d i s p l a y e d  on 
o s c i l l o s c o p e s  and r e c o r d s d  p h o t o g r a p h i c a l l y .  
FC 613 P i e z o - C a l i b r a t o r s  were used w i t h  f o u r  of t h e  
p i c k u p s ;  PT 63 A m p l i f i e r - C a l i b r a t o r s  were used  w i t h  t h e  
o t h e r  f o u r .  With t h e  A m p l i f i e r - C a l i b r a t o r s ,  t h e  
r e s p o n s e  of t h e  p i c k u p s  i s  150,000 c p s ;  w i t h  t h e  P iezo -  
S a l i b r a t o r s ,  t h e  r e s p o n s e  i s  somewhat l e s s .  F o r  t e s t s  
i n  t h e  s m a l l e r  t u b e ,  a d a p t e r s  were n e c e s s a r y  t o  e x t e n d  
t h e  r a n g e  of t h e  g a g e s  t o  t h e  much h i g h e r  p r e s s u r e s  
produced by d e t o n a t i o n s  a t  e l e v a t e d  i n i t i a l  p r e s s u r e s .  
These a d a p t e r s  r e d u c e  t h e  r e s p o n s e  of t h e  more s e n s i t i v e  
g a g e s  t o  a p p r o x i m a t e l y  50,000 cps  b u t  have l i t t l e  e f f e c t  
on t h e  r e s p o n s e  of t h e  o t h e r s .  

Two four-beam o s c i l l o s c o p e s  d i s p l a y e d  t h e  p r e s s u r e  
s i g n a l s  and two h i g h  speed (1.53 m e t e r s / s e c )  streak 
cameras  r e c o r d e d  them. A drum camera (12.7 meters/sec) 
was used f o r  a v e r y  f ew t e s t s  b u t ,  t hough  it p r o v i d e d  
more a c c u r a t e  wave v e l o c i t y  d e t e r m i n a t i o n s ,  it was n o t  
p o s s i b l e  t o  u s e  t h e  f a s t e r  camera g e n e r a l l y .  The r e a s o n  
i s  t h a t  a h i s t o r y  of t h e  r e f l e c t e d  waves was sough t  a s  
w e l l  a s  of t h e  i n c i d e n t  wave and t h i s  would have  
r e s u l t e d  i n  d o u b l e  e x p o s u r e  of a t  l e a s t  a p a r t  of t h e  
f i l m .  C o n s e q u e n t l y  t h e  F a i r c h i l d  cameras  were used i n  
a l m o s t  a l l  of t h e  r u n s .  One m i l l i s e c o n d  t i m i n g  b l i p s  
were superimposed on t h e  p r e s s u r e  t r a c e s ,  p r o v i d i n g  a 
time s c a l e .  A c o i l  a round  a l e a d  t o  one s p a r k  p l u g  
( s e e  be low)  gave a s i g n a l ,  d i s p l a y e d  on t h e  o s c i l l o s c o p e s ,  
i n d i c a t i n g  t h e  c a p a c i t o r  d i s c h a r g e  and t h e r e f o r e  t h e  
s t a r t  o f  a r u n  on t h e  f i l m .  

C o n s i d e r a b l e  d i f f i c u l t y  l ~ a s  e n c o u n t e r e d  i n  
a t t e m p t i n g  t o  l o a d  t o  one a tmosphe re  t h e  2,130 l i t e r  



volume of t h e  l a r g e  t u b e  w i t h  a known u n i f o r m  m i x t u r e  
o f  e x p l o s i v e  g a s e s .  The f i r s t  method was based on 
l o a d i n g  t h e  p r e v i o u s l y  e v a c u a t e d  t u b e  by p a r t i a l  
p r e s s u r e s  and t h e n  mixing t h e  g a s e s  w i th  a b lower  i n  an 
e x t e r n a l  r e c i r c u l a t i o n  l i n e .  T h i s  method was found t o  
be u n s a t i s f a c t o r y  due t o  t h e  time r e q u i r e d  t o  a c h i e v e  
even a semblance o f  a d e q u a t e  mixing and due t o  a i r  
l e a k a g e  i n t o  t h e  s y s t e m  a t  t h e  b lower  s h a f t  d u r i n g  t h e  
l o n g  mixing times. 

A r e v i s e d  s y s t e m  proved s a t i s f a c t o r y  and a l l  t e s t s  
d i s c u s s e d  h e r e i n  employed t h i s  system. I n  e s s e n c e ,  t h e  
method was b a s e d  on f i l l i n g  t h e  v e s s e l  w i t h  t h e  
component g a s e s  premixed e x t e r n a l l y  i n  t h e  d e s i r e d  
p r o p o r t i o n s  i n  t h e  f l o w  system. 

The l a r g e  t u b e  was e v a c u a t e d  t o  a p p r o x i m a t e l y  
5 cm Hg a b s o l u t e  w i t h  an a i r  e j e c t o r .  The d e s i r e d  
f l o w r a t e s  o f  a i r ,  oxygen ( i f  r e q u i r e d  f o r  t h e  p a r t i c u l a r  
r u n ) ,  and f u e l  (methane,  e t h y l e n e ,  or h y d r o g e n )  were 
e s t a b l i s h e d  u s i n g  c a l i b r a t e d  o r i f i c e s  i n  which t h e  f l o w  
was m a i n t a i n e d  c r i t i c a l .  The t h r e e  s t r e a m s  j o i n e d  i n  a 
"mixer"  f rom which  one s t r e a m  emerged a t  a p r e s s u r e  o n l y  
s l i g h t l y  above ambient .  T h i s  s t r e a m  was v e n t e d  t o  t h e  
a tmosphe re  w h i l e  t h e  f l o w s  were b e i n g  e s t a b l i s h e d ;  it 
t h e n  was a l l o w e d  t o  f l o w  i n t o  t h e  l a r g e  t u b e  w h i l e  t h e  
a i r  e j e c t o r  remained i n  o p e r a t i o n .  A f t e r  a p u r g e  a t  
low p r e s s u r e  f o r  s e v e r a l  m i n u t e s ,  t h e  t u b e  was p e r m i t t e d  
t o  f i l l  t o  one a tmosphe re  w i t h  t h e  premixed g a s e s .  
Samples  of t h e  f i n a l  m i x t u r e  i n  t h e  t u b e  and a l s o  of 
t h e  emerging s t r e a m  from t h e  m i x e r  were t a k e n  and 
s u b s e q u e n t l y  a n a l y z e d  by O r s a t .  

I g n i t i o n  of t h e  m i x t u r e  a t  one end of t h e  l a r g e  
c l o s e d  t u b e  w a s  e n s u r e d  by t h e  u s e  of t h r e e  s u r f a c e  gap 
s p a r k  p l u g s ,  e a c h  w i t h  an i n d e p e n d e n t  c a p a c i t o r  c i r c u i t .  
The e n e r g y  t o  wh ich  e a c h  c a p a c i t o r  was c h a r g e d  i n  a l l  
r u n s  was 18 j o u l e s .  

Loading o f  t h e  38 .m t u b e  f o r  i n i t i a l  p r e s s u r e s  of 
up t o  40  a t m o s p h e r e s  was a c h i e v e d  i n  t h e  f o l l o w i n g  
manner. A l a r g e  t a n k  was loaded  w i t h  t h e  d e s i r e d  g a s  
m i x t u r e  t o  one a tmosphe re  i n  t h e  same manner a s  t h e  
54.6 cm t u b e  ( d i s c u s s e d  above) .  The m i x t u r e  i n  t h e  
l a r g e  t a n k  was t h e n  f o r c e d  by w a t e r  i n t o  t h e  38 nun 
t u b e .  By t h i s  method, t h e  t u b e  was p r e p a r e d  f o r  t e s t s  
a t  i n i t i a l  p r e s s u r e s  of from one t o  40  a tmosphe res .  

I 

1 

4 

i 



L 

.E- 
l 

I g n i t i o n  of t h e  g a s  m i x t u r e  i n  t h i s  t u b e  was 
accompl i shed  by t h e  d i s c h a r g e  o f  a c a p a c i t o r  (18 j o u l e s )  
a c r o s s  a s u r f a c e  gap  s p a r k  p l u g  s i m i l a r  t o  t h o s e  used  
i n  t h e  54.6 cm t u b e .  

t h r e e  p o p p e t s  l o c a t e d  on a s p i r a l  on t h e  t u b e  
c i r c u m f e r e n c e .  The d i s t a n c e s  between t h e  s p a r k  p l u g s  
and t h e  t h r e e  s p r i n g  l o a d e d  w a t e r  i n j e c t o r s ,  which 
p roduce  f i n e  s p r a y s ,  a r e  g i v e n  i n  T a b l e  I. For t h e  
r u n s  w i t h  w a t e r  i n j e c t i o n ,  a 100 g a l l o n  t a n k  was f i l l e d  
p r i o r  t o  t h e  run .  With a s u i t a b l e  d e l a y  mechanism, 
h i c h  p r e s s u r e  n i t r o g e n  was a d m i t t e d  t o  t h e  w a t e r  t a n k ,  
f o r c i n g  t h e  w a t e r  t h r o u g h  t h e  t h r e e  p o p p e t s  i n  t h e  t u b e  
j u s t  p r i o r  t o  t h e  spa rk .  The d e l a y  p e r i o d  between w a t e r  
f 1 0 ~  i n i t i a t i o n  and t h e  c a p a c i t o r  d i s c h a r g e  c o u l d  be 
v a r i e d  a s  d e s i r e d .  

'r ' iater i n j e c t i o n  i n t o  t h e  54.6 cm t u b e  was t h r o u g h  



RESULTS 

Hiqh P r e s s u r e  Da ta  

I n  a c l o s e d  s t e e l  t u b e  38 mm i n  d i a m e t e r  and 
9.15 m e t e r s  i n  l e n g t h ,  a number of t e s t s  were made w i t h  
f u e l - a i r  m i x t u r e s  a t  i n i t i a l  p r e s s u r e s  of 1 t o  
4 0  a tmosphe res  a b s o l u t e .  The p r i n c i p a l  f u e l s  employed 
were hydrogen ,  e t h y l e n e ,  and methane. For t h e s e  t e s t s ,  
o n l y  m i x t u r e s  of a p p r o x i m a t e l y  s t o i c h i o m e t r i c  
p r o p o r t i o n s  were used .  

I n  no c a s e  was a d e t o n a t i o n  obse rved  i n  any 
m e t h a n e - a i r  run .  Even a t  t h e  h i g h e s t  i n i t i a l  p r e s s u r e  
t e s t e d ,  40 atm, the w a v e l i k e  p r e s s u r e  f l u c t u a t i o n s  
w i t h i n  t h e .  t u b e  were  rounded. The maximum p r e s s u r e s  
r e c o r d e d  a t  any s t a t i o n  for t h e s e  me thane -a i r  r u n s  were 
o n l y  two t o  t h r e e  t i m e s  t h e  i n i t i a l  p re s suxe .  

Q u i t e  d i f f e r e n t  r e s u l t s  were o b t a i n e d  w i t h  t h e  
h y d r o g e n - a i r  and e t h y l e n e - a i r  mix tu res .  For t h e s e  
m i x t u r e s ,  p r e s s u r e  r a t i o s  of a b o u t  15 f o r  t h e  f o r m e r  
m i x t u r e  and more t h a n  20 for t h e  l a t t e r  m i x t u r e  were 
r e c o r d e d  i n  some r u n s  ( T a b l e  11). These  p r e s s u r e  
r a t i o s  were c a u s e d  by d e t o n a t i o n s .  P r e s s u r e ,  however, 
c o u l d  n o t  be t h e  s o l e  c r i t e r i o n  on which t o  base  t h e  
d e s c r i p t i o n  of  t h e  t y p e  of combustion. Average 
v e l o c i t i e s  of t h e  p r e s s u r e  p u l s e s  between v a r i o u s  
s t a t i o n s  a l o n g  t h e  t u b e - a x i s  p r o v i d e  a b e t t e r  b a s i s .  
The ave rage  v e l o c i t i e s  a r e  p l o t t e d  i n  F i g u r e s  2 and 3 
f o r  t h e  h y d r o g e n - a i r  m i x t u r e s  and t h e  e t h y l e n e - a i r  
m i x t u r e s  r e s p e c t i v e l y .  These  v e l o c i t i e s  were computed 
f r o m  t h e  measured t i m e  i n t e r v a l  f o r  p a s s a g e  of  t h e  
p r e s s u r e  p u l s e  between two s u c c e s s i v e  s t a t i o n s  a t  which 
t h e  p i e z o e l e c t r i c  gauges  were l o c a t e d .  The ave rage  
v e l o c i t i e s  so computed a r e  p l o t t e d  a g a i n s t  d i s t a n c e  
f rom s p a r k  t o  t h e  mid -po in t  between t h e  t w o  a p p r o p r i a t e  
s t a t i o n s  a s  a b s c i s s a .  

Two d i s t i n c t  r e g i m e s  a r e  e v i d e n t  i n  F i g u r e s  2 and 3 ;  
t h e  lower  c o r r e s p o n d i n g  t o  d e f l a g r a t i o n s  o r  p r e s s u r e  
p u l s e s  r e s u l t i n g  f rom d e f l a g r a t i o n s ,  t h e  u p p e r  t o  
d e t o n a t i o n s ,  C l e a r l y ,  d e t o n a t i o n s  form i n  hydrogen-a i r  
m i x t u r e s  a t  6 a tm i n i t i a l  p r e s s u r e  or above. For t h e  
e t h y l e n e - a i r  c a s e ,  20 a tmospheres  a p p e a r s  t o  be t h e  
m a r g i n a l  i n i t i a l  p r e s s u r e  a t  which a d e t o n a t i o n  g e n e r a l l y  
forms. Below 20 a tm,  d e t o n a t i o n s  were n o t  obse rved  
w i t h i n  t h e  t u b e  l e n g t h .  
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The o c c u r r e n c e  o f  a d e t o n a t i o n  i s  r e a d i l y  e v i d e n t  
f rom F i g u r e s  2 and 3. However, t h e y  a r e  m i s l e a d i n g  w i t h  
r e g a r d  t o  t h e  l o c a t i o n  of t h e  o n s e t  of d e t o n a t i o n .  The 
p r e s s u r e - t i m e  r e c o r d s  show t h a t  i n  t h o s e  r u n s  i n  which 
a d e t o n a t i o n  o c c u r r e d ,  it was formed between s t a t i o n s  1 
and 2 i n  e v e r y  c a s e .  The p r e s s u r e s  d u e  t o  t h e  i n c i d e n t  
wave p a s s i n g  s t a t i o n  2 a r e  a t  l e a s t  10 times t h e  i n i t i a l  
p r e s s u r e  i n  a l l  " d e t o n a t i o n "  r u n s  a s  opposed t o  a 
maximum f a c t o r  of 3 f o r  t h e  h y d r o g e n - a i r  " d e f l a g r a t i o n "  
r u n s  and 7 f o r  t h e  C2H4-air  " d e f l a g r a t i o n "  r u n s  
(Tab le  1 1 ) .  A d d i t i o n a l  e v i d e n c e  i n d i c a t i n g  d e t o n a t i o n  
o n s e t  was between s t a t i o n s  1 and 2 i s  t h e  f a c t  t h a t  t h e  
r e c o r d s  show t h e  r a t e  of p r e s s u r e  r i s e  a t  s t a t i o n  2 was 
e s s e n t i a l l y  i n f i n i t  e ,  a s  a t  s u c c e e d i n g  s t a t i o n s ,  i n  
d e t o n a t i o n  r u n s .  I n  d e f l a g r a t i o n  r u n s ,  on t h e  o t h e r  hand,  
t h e  p r e s s u r i z a t i o n  r a t e s  t h r o u g h o u t  were f i n i t e  e x c e p t  
a t  t h e  f a r  end of t h e  t u b e  where d i s c o n t i n u i t i e s  of low 
a m p l i t u d e  were r e c o r d e d .  I n  h y d r o g e n - a i r  d e t o n a t i o n  
r u n s ,  f u r t h e r m o r e ,  no p r e c o m p r e s s i o n  of t h e  unburned 
q a s  was o b s e r v e d  a t  s t a t i o n  2 o r  a t  s t a t i o n s  6 ,  7 ,  and 8 
p r i o r  t o  t h e  a r r i v a l  of t h e  p r e s s u r e  d i s c o n t i n u i t y .  
F o r  t h e  e t h y l e n e - a i r  d e t o n a t i o n  m i x t u r e s ,  s l i g h t  
p recompress ion  a t  s t a t i o n  2 ( f r o m  20 atm i n i t i a l  
p r e s s u r e  t o  a b o u t  28 a t m )  was r e c o r d e d .  

f o r  t h e  i n t e r v a l s  between s t a t i o n s  5 and 7 and a l s o  
7 and 8 l a c k  p r e c i s i o n  m a i n l y  f o r  two r e a s o n s .  These  
i n t e r v a l s  a r e  0.5 meters i n  l e n g t h .  F o r  t h e  h i g h e s t  
v e l o c i t i e s ,  t h e r e f o r e ,  t h e  t i m e  d i f f e r e n t i a l s  f o r  
t r a v e r s a l  of t h e  i n t e r v a l s  by t h e  f l a m e  f r o n t  a r e  of t h e  
o r d e r  of loe4  s e c o n d s  o r ,  f o r  t h e  camera employed, 
t e n t h s  of a m i l l i m e t e r  of f i l m .  I n  a d d i t i o n ,  v e r y  h i g h  
f r e q u e n c y  o s c i l l a t i o n s  were r e c o r d e d  a t  s t a t i o n s  6 ,  7 ,  
and 8 i n  many of t h e  r u n s ,  p a r t i c u l a r l y  t h o s e  i n  which 
d e t o n a t i o n s  o c c u r r e d .  The a m p l i t u d e  of t h e  o s c i l l a t i o n s  
p r i o r  t o  a r r i v a l  of t h e  d e t o n a t i o n  wave was g e n e r a l l y  
v e r y  s m a l l ;  n e v e r t h e l e s s ,  t h e  p r e c i s e  i n s t a n t  of wave 
a r r i v a l  was sometimes d i f f i c u l t  t o  d e t e r n i n e  a t  
s t a t i o n s  7 and 8. F o r  t h e s e  r e a s o n s ,  t h e  a v e r a g e  
v e l o c i t i e s  between s t a t i o n s  6 and 7 and a l s o  7 and 8 a r e  
s u b j e c t  t o  an e r r o r  of up t o  4% i n  r u n s  i n  wh ich  
d e t o n a t i o n s  o c c u r r e d .  'dowever, f o r  t h e  s t a t i o n  2 t o  
s t a t i o n  6 i n t e r v a l ,  a d i s t a n c e  of 4.5 m e t e r s ,  t h e  
a v e r a g e  v e l o c i t i e s  a r e  s u b j e c t  t o  an  error of o n l y  a b o u t  
5%. 

It s h o u l d  be mentioned t h a t  t h e  a v e r a g e  v e l o c i t i e s  

The o s c i l l a t i o n s  a t  6 ,  7 ,  and 8 r e f e r r e d  t o  above 
made p r e s s u r e  d e t e r m i n a t i o n s  a t  t h e s e  s t a t i o n s  h i g h l y  
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q u e s t i o n a b l e  i n  many c a s e s .  No v a l u e s ,  t h e r e f o r e ,  a r e  
g i v e n  f o r  t h e s e  l o c a t i o n s  i n  a number of r u n s .  I n  some 
c a s e s ,  a v a l u e  i s  g i v e n  p r e c e d e d  by t h e  symbol '*eu t o  
d e n o t e  l a c k  of p r e c i s i o n  due t o  the  p r e s e n c e  of t h e  
o s c i l l a t i o n s  . 

In  s e v e r a l  r u n s ,  one o r  more p r e s s u r e  t r a c e s  went  
o f f  t h e  f i l m .  I n  t h e s e  c a s e s ,  t h e  symbol "7" h a s  been 
used  i n  t h e  t a b l e s  b e f o r e  t h e  number which c o r r e s p o n d s  
t o  t h e  maximum p r e s s u r e  a b l e  t o  be r e c o r d e d  a t  t h a t  
s t a t i o n  i n  t h e  p a r t i c u l a r  run.  The t r u e  p r e s s u r e  may 
have  been o n l y  s l i g h t l y  g r e a t e r ,  o r  c o n s i d e r a b l y  
g r e a t e r ,  t h a n  the  v a l u e  r e p o r t e d .  

Conpar i son  of D e t o n a t i o n  Runs i n  t h e  Two Tubes  

i n i t i a l  p r e s s u r e  i n  e a c h  o f  two c l o s e d  t u b e s  of 
a p p r o x i m a t e l y  t h e  same l e n g t h .  The l a r g e  t u b e  i s  
54.6 cm i n  d i a m e t e r ,  t h e  s m a l l  t u b e  38 mm i n  d i a m e t e r .  
The t e s t s  u sed  f u e l - a i r  m i x t u r e s  e n r i c h e d  w i t h  oxygen 
i n  a p p r o x i m a t e l y  s t o i c h i o m e t r i c  p r o p o r t i o n s .  To 
d e s c r i b e  t h e  d e g r e e  of a i r  e n r i c h m e n t  w i t h  oxygen, t h e  
p a r a m e t e r  oxygen i n d e x  i s  employed. Oxygen i n d e x  i s  t h e  
r a t i o  of moles  of oxygen t o  moles  of oxygen p l u s  
n i t r o g e n .  F o r  a i r ,  0.1. = 0.21, 

A s e r i e s  of t e s t s  were made a t  one atmosphere 

The r e s u l t s  of  t h e  r u n s  show t h a t  d e t o n a t i o n s  a r e  
formed a t  l o w e r  oxygen i n d e x e s  i n  t h e  s m a l l e r  (38 mm) 
t u b e .  Tab le  I11 p r e s e n t s  t h e  minimum oxygen i n d e x e s  
of a p p r o x i m a t e l y  s t o i c h i o m e t r i c  m i x t u r e s  s u p p o r t i n g  
d e t o n a t i o n s  i n  e a c h  t u b e .  The n e x t  l o w e r  oxygen i n d e x e s  
t e s t e d  a r e  a l s o  i n c l u d e d .  The s i g n i f i c a n c e  of 
" a u t o i g n i t i o n s "  r e p o r t e d  i n  t h e  t a b l e  f o r  some r u n s  i n  
t h e  l a r g e r  t u b e  w i l l  be d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  

of t h e  i n c i d e n t  waves f o r  r u n s  i n  t h e  38 mm t u b e  and 
54.6 cm t u b e  r e s p e c t i v e l y .  Only r u n s  i n  which d e t o n a t i o n s  
were formed a r e  i n c l u d e d  f o r  i n  t h e s e  r u n s  o n l y  c o u l d  t h e  
l o c a t i o n  of t h e  f l a m e  f r o n t  a t  any i n s t a n t  be d e t e r m i n e d  
f rom t h e  s i g n a l s  o f  t h e  p i e z o e l e c t r i c  gauges.  Runs i n  
which w a t e r  was i n j e c t e d  i n t o  t h e  p a t h  of  a d e t o n a t i o n  
wave a r e  n o t  g i v e n  due t o  t h e  i n t e r a c t i o n s  of t h e  w a t e r  
c u r t a i n  w i t h  t h e  wave. 

o b s e r v a t i o n s .  P r a c t i c a l l y  w i t h o u t  e x c e p t i o n ,  t h e  
p r e s s u r e  due t o  t h e  i n c i d e n t  waves a r e  h i g h e r  i n  t h e  
i a r g e r  t ube .  F o r  t h e  c a s e s  of hydrogen and methane,  one 

T a b l e s  N and V p r e s e n t  p r e s s u r e  and v e l o c i t y  d a t a  

A comparison of  t h e  t a b l e s  l e a d s  t o  some i n t e r e s t i n g  
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might  s a y  t h i s  f a c t  is due t o  t h e  h i g h e r  oxygen i n d e x e s  
i n  t h e  l a r g e r  t u b e .  S u r e l y ,  t h i s  i s  one consequence  of 
a g r e a t e r  oxygen c o n c e n t r a t i o n  n e c e s s a r y  t o  i n d u c e  
d e t o n a t i o n .  However, t h e  e t h y l e n e  r u n s  i n  e a c h  t u b e  
i n c l u d e  s i m i l a r  oxygen i n d e x e s ;  and h e r e  a l s o  a r e  found 
t h e  h i g h e r  p r e s s u r e s  i n  t h e  l a r g e r  t u b e ,  r e g a r d l e s s  of 
which s t a t i o n s  i n  each  t u b e  a r e  compared. 

d e g r e e  o f  p recompress ion  o c c u r r e d  a t  some s t a t i o n s  i n  
t h e  l a r g e  t u b e  p r i o r  t o  a r r i v a l  of a d e t o n a t i o n  wave. 
No s u c h  p r e s s u r e  r i s e s  were r e c o r d e d  f o r  t h e  r u n s  i n  
t h e  s m a l l e r  t u b e .  T h i s ,  however,  c a n n o t  p r e c l u d e  
e n t i r e l y  t h e  n o n - e x i s t e n c e  of p recompress ion  because  of 
t h e  r educed  s e n s i t i v i t y  (up  t o  1 / 5 t h )  of t h e  gauges  i n  
t h e  s m a l l e r  t u b e ,  n e c e s s i t a t e d  by t h e  f u e l - a i r  t e s t s  a t  
h i g h e r  i n i t i a l  p r e s s u r e s .  

I n  a d d i t i o n  t o  t h e  p r e s s u r e  d a t a ,  T a b l e s  IV and V 
g i v e  t h e  a v e r a g e  v e l o c i t y  of t h e  f l ame  f r o n t  a s  it 
p a s s e s  between v a r i o u s  p a i r s  of s t a t i o n s .  From T a b l e  I ,  
L o c a t i o n s  of S t a t i o n s ,  t h e  d i s t a n c e s  between t h e  s p a r k  
and s t a t i o n  9 ,  s t a t i o n s  9 and 10, and s t a t i o n s  10 and 11 
i n  t h e  l a r g e r  t u b e  a r e  comparable  r e s p e c t i v e l y ,  t o  t h e  
d i s t a n c e s  between t h e  s p a r k  and s t a t i o n  6 ,  s t a t i o n s  6 
and 7 ,  and s t a t i o n s  7 and 8 of t h e  s m a l l e r  t ube .  The 
a v e r a g e  v e l o c i t i e s  i n  t h e s e  r e g i o n s  a r e  p l o t t e d  i n  
F i g u r e s  4 ,  5, and 6 f o r  t h e  hydrogen ,  e t h y l e n e  and methane 
r u n s  r e s p e c t i v e l y .  It i s  e v i d e n t  from t h e s e  p l o t s  t h a t  
t h e  a v e r a g e  v e l o c i t y  of t h e  f l ame  f r o n t  a s  it t r a v e r s e s  
t h e  f i r s t  8C% of t h e  t u b e  l e n g t h  i s  g r e a t e r  i n  t h e  
s m a l l e r  t u b e  f o r  s i m i l a r  r u n s  w i t h  t h e  same oxygen 
index .  Fo r  example ,  t h e  a v e r a g e  f l ame  v e l o c i t y  i n  an 
e t h y l e n e  run  w i t h  an oxygen i n d e x  of 0.37 was 
722 m e t e r s / s e c  between t h e  s p a r k  and s t a t i o n  6 i n  t h e  
s m a l l e r  t u b e  and j u s t  380 m e t e r s / s e c  i n  t h e  comparable  
d i s t a n c e  i n  t h e  l a r g e r  t u b e .  T h i s  t r e n d  i s  t o  be 
e x p e c t e d ,  however,  a s  it l e a d s  t o  t h e  p r e v i o u s l y  s t a t e d  
f a c t  t h a t  d e t o n a t i o n s  a r e  formed more r e a d i l y  i n  t h e  
s m a l l e r  t u b e .  

t h e  a v e r a g e  v e l o c i t y  of t h e  d e t o n a t i o n  wave i n  t h e  
s u b s e q u e n t  0.5 m e t e r  of t h e  t u b e  l e n g t h  i s  g r e a t e r  i n  
t h e  l a r g e r  t u b e  t h a n  i n  t h e  s m a l l e r  t ube .  R e f e r r i n g  
a g a i n  t o  t h e  e t h y l e n e  r u n s  w i t h  a n  oxygen i n d e x  o f  0.37, 
t h e  a v e r a g e  v e l o c i t y  between s t a t i o n s  6 and 7 i n  t h e  
s m a l l  t u b e  was 1670 m e t e r s / s e c  a s  opposed t o  2270 me te r s / sec  
i n  t h e  comparable  r e g i o n  i n  t h e  l a r g e r  t u b e .  

The two t a b l e s  a l s o  i n d i c a t e  t h a t  a t  l e a s t  some 

F u r t h e r  e x a m i n a t i o n  of F i g u r e s  4-6 i n d i c a t e s  t h a t  

1 
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The d a t a  i n d i c a t e s ,  t h e n ,  t h a t  f o r  s i m i l a r  m i x t u r e s  
s u p p o r t i n g  d e t o n a t i o n s  i n  e a c h  t u b e  t h e  a v e r a g e  v e l o c i t y  
of t h e  f l ame  f r o n t  i s  g r e a t e r  i n  t h e  smaller t u b e  o v e r  
t h e  f i r s t  8 meters and t h e n  l o w e r  i n  t h e  s u b s e q u e n t  
0.5 m e t e r  d i s t a n c e .  
i n d u c t i o n  d i s t a n c e  was found q u a l i t a t i v e l y  t o  be s h o r t e r  
i n  t h e  s m a l l e r  t u b e  t h a n  i n  t h e  l a r g e r  t u b e  f o r  the same 
t e s t  m i x t u r e ,  C o n s e q u e n t l y  a s t a b l e  d e t o n a t i o n  v e l o c i t y  
would be approached  e a r l i e r  i n  t h e  s m a l l e r  t u b e ;  whereas ,  
i n  t h e  same r e g i o n  of t h e  l a r g e r .  t u b e ,  t h e  d e t o n a t i o n  
v e l o c i t y  would s t i l l  be s i g n i f i c a n t l y  i n  t h e  o v e r d r i v e n  
mode. 

T h i s  i s  t o  be  e x p e c t e d  because  t h e  

Occurrence  of  A u t o i q n i t i o n s  u n d e r  M a r q i n a l  C o n d i t i o n s  

I n  a d d i t i o n  t o  t h e  d e f l a g r a t i o n  and d e t o n a t i o n  
p r o c e s s e s  on which  t h e  p r e s e n t  work was b a s e d ,  a t h i r d  
phenomenon, te rmed a u t o i g n i t i o n ,  w a s  obse rved  i n  some 
r u n s  i n  t h e  54.6 cm t u b e  only .  I n v a r i a b l y ,  t h e  p r o c e s s  
o c c u r r e d  i n  t h e  downstream end o f  t h e  c l o s e d  t u b e  i n  t h e  
r e g i o n  of  t h e  c o n i c a l  f r u s t u m  ( F i g u r e  1). I n  g e n e r a l ,  
t h e  phenomenon was obse rved  i n  r u n s  i n  which t h e  oxygen 
i n d e x  was be tween t h o s e  s u p p o r t i n g  d e f l a g r a t i o n s  and 
t h o s e  forming  d e t o n a t i o n s .  P r e s s u r e  d i s t u r b a n c e s  f rom 
t h e  a c c e l e r a t i n g  f l ame  f r o n t  i n  such  r u n s  are 
c o m p a r a t i v e l y  s t r o n g ,  I n  f a c t ,  shocks  were r e c o r d e d  i n  
a l l  " a u t o i g n i t i o n "  r u n s  j u s t  p r i o r  t o  t h e  o c c u r r e n c e  o f  
t h e  phenomenon. 

The e v e n t s  l e a d i n g  t o  t h e  a u t o i g n i t i o n s  i n  a l l  
t w e l v e  such  r u n s  w i t h  t h e  t h r e e  d i f f e r e n t  f u e l s  can  be  
c l a s s e d  a s  one of  t h r e e  t y p e s :  

t h e  t u b e ,  a r e  r e f l e c t e d ,  p a s s  up  t h e  t u b e ,  a r e  a g a i n  
r e f l e c t e d ,  merge i n t o  one  shock ,  and p a s s  down t h e  t u b e  
f o r  t h e  second t i m e .  A second r e f l e c t i o n  a t  t h e  
downstream end of  t h e  t u b e ,  i.e, t h e  r e g i o n  o f . t h e  
c o n i c a l  f r u s t u m ,  may o r  may n o t  o c c u r  j u s t  p r i o r  t o  t h e  
l a r g e  p r e s s u r e  " k i c k "  of t h e  a u t o i g n i t i o n .  T h i s  
mechanism was o b s e r v e d  c l e a r l y  i n  two e t h y l e n e  r u n s  and  
one  methane run .  A l l  t h r e e  r u n s  had t h e  l o w e s t  oxygen 
i n d e x e s  f o r  a p a r t i c u l a r  oxygen-fue l  r a t i o  of any  r u n s  
i n  which a u t o i g n i t i o n  o c c u r r e d .  T a b l e  V I  shows t h a t  
t h e  two e t h y l e n e  r u n s  o f  t h e  t y p e  u n d e r  d i s c u s s i o n  had 
c o m p o s i t i o n s  of 0.1. = 0.29 w i t h  O/F = 2.3 and 
0.1. = 0.37 w i t h  O/F = 4.6. The methane r u n  was f o r  
0.1. = 0.39 w i t h  O/F = 2.1, A l l  r u n s  w i t h  t h e s e  f u e l s  
u n d e r  c o n d i t i o n s  o f  s i m i l a r  oxygen- fue l  r a t i o s  and l o w e r  

1. Double sh-ocks of low s t r e n g t h  which  p a s s  down 
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oxygen i n d e x e s  r e s u l t e d  i n  d e f l a g r a t i o n s  o n l y .  

2. Double shocks  whose s t r e n g t h s  a r e  somewhat 
g r e a t e r  t h a n  tho-se d i s c u s s e d  above ( i . e .  p r e s s u r e  r a t i o s  
of- 2.5 vs.ul.8). In  t h i s  c a s e ,  t h e  f i r s t  shock  of t h e  
p a i r  i s  r e f l e c t e d  a t  t h e  downstream end of t h e  t u b e  and 
i s  t h e n  met n e a r  s t a t i o n  12 by t h e  second shock  t r a v e l i n q  
downstream. T h i s  mechanism was o b s e r v e d  i n  f o u r  r u n s  a s  
i n d i c a t e d  i n  T a b l e  VI.  

3. A s i n g l e  shock of g r e a t e r  s t r e n g t h  ( p r e s s u r e  
r a t i o M 7 . 5 ) .  Here,  no r e f l e c t e d  wave was r e c o r d e d  a t  
s t a t i o n  12 p r i o r  t o  t h e  sudden l a r g e  p r e s s u r e  k i c k  of 
t h e  a u t o i g n i t i o n .  F i v e  r u n s  e x h i b i t e d  t h i s  b e h a v i o r .  

o c c u r r e d  i n d i s c r i m i n a t e l y  a t  oxygen i n d e x e s  above t h o s e  
of (1) above. 

T a b l e  V I  i n d i c a t e s  t h a t  t h e  l a s t  two mechanisms 

I 

.. 

b 

t 

The f a c t  t h a t  t h e  f i r s t  l a r g e l p r e s s u r e  " k i c k "  
a p p e a r e d  a t  s t a t i o n  12 i n  a l l  r u n s  i s  s i g n i f i c a n t .  
Fu r the rmore ,  t h e  s t a t i o n  12 p r e s s u r e - t i m e  t r a c e  r e c o r d e d  
one  o r  more s m a l l  s h o c k s ,  a s  d e s c r i b e d  a b o v e ,  j u s t  p r i o r  
t o  t h e  sudden,  l a r g e  p r e s s u r e  r i s e .  C o n s e q u e n t l y ,  t h e  
a u t o i g n i t i o n s  o c c u r r e d  between s t a t i o n  12 and t h e  end-  
f l a n g e  i n  a l l  c a s e s .  I n  a f e w  c a s e s ,  t h e  phenomenon 
o c c u r r e d  p r a c t i c a l l y  a t  s t a t i o n  12. Here, t h e  sudden 
p r e s s u r e  r i s e  was n o t  i n  t h e  form of a d i s c o n t i n u i t y  i n  
t h e  t r a c e ;  r a t h e r ,  t h e  t r a c e  showed a c o n t i n u o u s l y  
i n c r e a s i n g  s l o p e  from e s s e n t i a l l y  z e r o  t o  i n f i n i t y .  
T h i s  rounded n a t u r e  of t h e  t r a c e  c o r r e s p o n d s  t o  t h e  
p e r i o d  o f  r a p i d  b u t  f i n i t e  b u i l d - u p  f rom i g n i t i o n  t o  
n e a r l y  i n s t a n t a n e o u s  e x p l o s i o n  of the  compressed 
m i x t u r e .  

I n  t h e  m a j o r i t y  of r u n s ,  however ,  even  t h e  f i r s t  
l a r g e  p r e s s u r e  k i c k ,  which was a l w a y s  r e c o r d e d  a t  
s t a t i o n  12, was  i n  t h e  form o f  a d i s c o n t i n u i t y .  I n  
t h e s e  r u n s ,  t h e n ,  i g n i t i o n  o c c u r r e d  s u f f i c i e n t l y  
downstream of s t a t i o n  12 t o  a l l o w  t h e  r e s u l t a n t  d e t o n a -  
t i o n  wave, t r a v e l i n g  u p s t r e a m  t o  o v e r t a k e  t h e  p r e s s u r e  
d i s t u r b a n c e s  o f  t h e  b u i l d i n g - u p  p r o c e s s .  The t r a c e  a t  
s t a t i o n  12, t h e r e f o r e ,  r e c o r d e d  a d i s c o n t i n u i t y  due t o  
t h e  r e s u l t a n t  o v e r d r i v e n  d e t o n a t i o n  wave. A l though  
p r e c i s e  d e t e r m i n a t i o n s  were  l i m i t e d  by t h e  t ime 
r e s o l u t i o n  of t h e  s t r e a k  camera,  an a p p r o x i m a t e  a v e r a g e  
v e l o c i t y  of t h e  o v e r d r i v e n  d e t o n a t i o n  wave between 
s t a t i o n s  12 and  9 was 3000 m e t e r s / s e c .  The computa t ion  
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d o e s  n o t  r e f l e c t  t h e  p o s s i b i l i t y  t h a t  t h e  o v e r d r i v e n  
d e t o n a t i o n  wave, t r a v e l i n g  ups t r eam,  might  e n t e r  b e f o r e  
r e a c h i n g  s t a t i o n  9 ,  t h e  burned g a s  r e g i o n  behind  t h e  
f l a m e  f r o n t  p r o p a g a t i n g  downstream f rom t h e  s p a r k  
i g n i t i o n  s o u r c e .  

t h e  v e r y  h i g h  p r e s s u r e s  g e n e r a t e d  from i n i t i a l  p r e s s u r e s  
of one a tmosphere .  These  p r e s s u r e  peaks  a r e  g r e a t e r  by 
a f a c t o r  of  2 o r  3 t h a n  t h e  p r e s s u r e s  r e c o r d e d  i n  
d e t o n a t i o n  r u n s  due t o  t h e  i n c i d e n t  d e t o n a t i o n  wave 
t r a v e l i n g  downstream. P r e s s u r e  peaks  of a p p r o x i m a t e l y  
80 a tmospheres  were r e c o r d e d  i n  two methane r u n s  due t o  
a u t o i g n i t i o n s  ( T a b l e  V I ) .  

The most s t r i k i n g  e f f e c t  o f  t h e  a u t o i g n i t i o n s  i s  

Water  I n j e c t i o n  T e s t s  

(! 
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S e v e r a l  t e s t s  w e r e  made i n  t h e  54.6 cm t u b e  w i t h  
w a t e r  i n j e c t e d  i n t o  t h e  p a t h  of  a d e f l a g r a t i o n  o r  
d e t o n a t i o n .  T h r e e  p o p p e t s  were used  a s  i n j e c t o r s ,  
p roduc ing  a f i n e  s p r a y .  The d i s t a n c e s  between t h e  s p a r k  
and t h e  t h r e e  w a t e r  i n j e c t i o n  p o r t s  a r e  g i v e n  i n  Tab le  I. 
The p o r t s  a r e  l o c a t e d  120° a p a r t  on a s p i r a l  on t h e  t u b e  
c i r c u m f e r e n c e .  Each s p r i n g - l o a d e d  w a t e r  i n  j e c t o r  h a s  
s p r a y  s h i e l d s  s u i t a b l y  o r i e n t e d  such  t h a t  t h e  ma jo r  a x i s  
of t h e  r e s u l t i n g  e l l i p t i c a l  ho l low s p r a y  i s  normal t o  
t h e  t u b e  a x i s .  S i n c e  t h e  a n g l e  of ups t r eam p e n e t r a t i o n  
i s  a p p r o x i m a t e l y  200,  an a tomized  w a t e r  c u r t a i n  was 
produced  whose t h i c k n e s s  was more t h a n  36 cm. G e n e r a l l y ,  
t h e  t o t a l  w a t e r  f l o w r a t e  i n  e a c h  run  was 51 kg/sec. 

The p r e s e n c e  of  t h e  w a t e r  c u r t a i n  had two p r i n c i p a l  
e f f e c t s .  It e i t h e r  p r e v e n t e d  i g n i t i o n  of t h e  c o m b u s t i b l e  
m i x t u r e  by t h e  s p a r k ,  o r  it slowed p r o p a g a t i o n  of  t h e  
f l a m e  f r o n t .  

I n  n e a r l y  h a l f  o f  t h e  r u n s  made w i t h  w a t e r  
i n j e c t i o n ,  no p r e s s u r e  r ises  were r e c o r d e d  and no 
a u d i b l e  e v i d e n c e  of an  e x p l o s i o n  was hea rd .  N e v e r t h e l e s s ,  
t h e  c a p a c i t o r  d i s c h a r g e  s i g n a l  was r e c o r d e d  i n d i c a t i n g  
t h a t  a spa rk  d i d  o c c u r .  I t  i s  b e l i e v e d  t h a t  a l t h o u g h  a 
s p a r k  o c c u r r e d ,  t h e  m i x t u r e  f a i l e d  t o  i g n i t e  due t o  t h e  
p r e s e n c e  of  much w a t e r  v a p o r  and/or  d r o p l e t s  i n  t h e  
immediate v i c i n i t y  of t h e  s p a r k  p lugs .  d u a l i t a t i v e l y ,  
t h e  amount of w a t e r ,  f o r  c o n s t a n t  i n l e t  f l o w r a t e ,  i n  t h e  
form of vapor and /o r  d r o p l e t s  i n  the immediate v i c i n i t y  
of t h e  s p a r k  p l u g s  may be e x p r e s s e d  by t h e  t i m e  d e l a y  
between i n i t i a t i o n  of w a t e r  f l o w  and t h e  d i s c h a r g e  of 
t h e  c a p a c i t o r s .  T h i s  d e l a y  p e r i o d  was n e c e s s a r y  due 
p a r t l y  t o  t h e  v e l o c i t y  of a f l ame  and p a r t l y  t o  t h e  f a c t  
t h a t  up t o  0.10 second e l a p s e d  between t h e  b e g i n n i n g  of 
f l o w  t h r o u g h  t h e  p o p p e t s  and a t t a i n m e n t  of s t e a d y  s t a t e  
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flow. The d e l a y  p e r i o d ,  L i t ,  i s  i n c l u d e d  where known f o r  
t h e  a p p r o p r i a t e  r u n s  i n  T a b l e  VIi. i n  g e n e r a l ,  t h e  
l o n g e r  t h e  d e l a y  p e r i o d ,  t h e  more l i k e l y  i g n i t i o n  w i l l  
n o t  occu r .  However, r u n s  120, 110, and 133 ( T a b l e  V I I )  
a r e  e x c e p t i o n s .  I t  should be  emphasized t h a t  t h e  
r e c o r d s  i n d i c a t e  t h e  c o m b u s t i b l e  m i x t u r e s  f a i l e d  t o  
i g n i t e  i n  such  runs .  T h e r e  was no i n d i c a t i o n  t h a t  
combust ion o c c u r r e d  i n  t h e  t u b e  s e c t i o n  between t h e  s p a r k  
and t h e  w a t e r  c u r t a i n .  The p r e s s u r e  r e c o r d s  of s t a t i o n  2 ,  
which i s  l o c a t e d  i n  t h i s  s e c t i o n ,  showed no p r e s s u r e  
r i ses .  I n  a few of t h e s o  r u n s  a s u r f a c e  t h e r m o c o u p l e ,  
whose r e s p o n s e  i s  e q u a l  t o  t h a t  of t h e  p r e s s u r e  gauges ,  
was l o c a t e d  a t  s t a t i o n  1. The t h e r m o c o u p l e ,  t o o ,  gave 
n o  i n d i c a t i o n  of combust ion i n  t h e  t u b e  between t h e  
spark  and t h e  w a t e r  c u r t a i n .  I t  rnust be i n f e r r e d ,  t h e n ,  
t h a t  t h e  i n j e c t e d  w a t e r  i n  no c a s e  e x t i n g u i s h e d  a f lame 
a l r e a d y  e s t a b l i s h e d ;  r a t h e r , t h e  w a t e r  p r e v e n t e d  i g n i t i o n  
i n  such  r u n s .  

The second p r i n c i p a l  e f f e c t  of t h e  w a t e r  c u r t a i n  
was t o  d e l a y  t h e  p r o p a g a t i o n  of a d e f l a g r a t i o n  o r  
d e t o n a t i o n .  F i g u r e s  7 ,  8,  and 9 i l l u s t r a t e  t h i s  f a c t  
g r a p h i c a l l y .  High f r e q u e n c y  o s c i l l a t i o n s  wh ich  were 
g e n e r a l l y  r e c o r d e d  a t  e a c h  s t a t i o n  a f t e r  p a s s a g e  o f  a 
d e t o n a t i o n  wave have  been o m i t t e d  from t h e  f i g u r e s  f o r  
p u r p o s e s  of c l a r i t y .  These  o s c i l l a t i o n s  were  u s u a l l y  of 
r e l a t i v e l y  low a m p l i t u d e  though  o c c a s i o n a l l y  t h e y  
o b s c u r e d ,  t o  some d e g r e e  a t  l e a s t ,  s u b s e q u e n t  p r e s s u r e  
p u l s e s .  The r e f l e c t e d  waves ( s e e  be low)  a t  s t a t i o n  1 2  
of  F i g u r e  7 and a t  s t a t i o n  9 of a l l  t h r e e  f i g u r e s  were 
so a f f e c t e d  and c o n s e q u e n t l y  t h e i r  r e p r e s e n t a t i o n s  a r e  
l e s s  p r e c i s e .  

p o r t s  a r e  l o c a t e d  between s t a t i o n s  2 and 3. From 
F i g u r e s  7 and 9 e s p e c i a l l y ,  it is e v i d e n t  t h a t  t h e  
w a t e r  c u r t a i n  a t t e n u a t e d  t h e  shock r e c o r d e d  a t  
s t a t i o n  2. I f  it i s  assumed t h a t  t h e  f i r s t  p r e s s u r e  
d i s t u r b a n c e  r e c o r d e d  a t  s t a t i o n  3 ( F i g .  7 )  i s  due  tQ 
t h e  shock a t  s t a t i o n  2, t h e n  t h e  a v e r a g e  v e l o c i t y  of  
t h e  wave between t h e  two s t a t i o n s  i s  a b o u t  200 m/sec. 
C l e a r l y ,  t h e  w a t e r  c u r t a i n  n o t  o n l y  a t t e n u a t e d  t h e  
shock b u t  a l s o  c a u s e d  t h e  wave t o  t r a v e l  a t  an 
a p p a r e n t l y  s u b s o n i c  v e l o c i t y .  The p r e s s u r e  t r a c e s  a t  
s t a t i o n s  4 and 9 g i v e  e v i d e n c e  t h a t  a f l a m e  emerged 
from t h e  w a t e r  c u r t a i n  and s u b s e q u e n t l y  a c c e l e r a t e d  t o  
form a d e t o n a t i o n  between t h e  two s t a t i o n s .  The second 

A s  i n d i c a t e d  i n  T a b l e  I ,  t h e  t h r e e  w a t e r  i n j e c t i o n  
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peak  a t  s t a t i o n  9 i s  due t o  t h e  wave t r a v e l i n g  u p s t r e a m  
a f t e r  b e i n g  r e f l e c t e d  o f f  t h e  c l o s e d  downstream end of 
t h e  t u b e .  The r e f l e c t e d  wave i s  seen a t  a l a t e r  time 
a t  s t a t i o n  4 ,  t h a n  a t  3 and f i n a l l y  a t  2. Between 
s t a t i o n s  3 and 2, t h e  r e f l e c t e d  wave was a g a i n  a t t e n u a t e d  
a s  i t  passed  t h r o u g h  t h e  w a t e r  c u r t a i n .  

Because a d e t o n a t i o n  was formed between s t a t i o n s  4 
and 9 i n  t h i s  r u n ,  t h e  d o u b l e  p e a k s ,  r e c o r d e d  on t h e  
s t a t i o n  4 t r a c e  between t h e  i n c i d e n t  and r e f l e c t e d  waves,  
a r e  b e l i e v e d  t o  be due  t o  a r e t o n a t i o n  wave. T h i s  wave 
h a s  been p a r t i a l l y  o v e r t a k e n  by t h e  r e f l e c t e d  wave a t  
s t a t i o n  3 and hence  t h e  l a t t e r  wave was s t r e n g t h e n e d  t o  
t h e  p o i n t  of g o i n g  o f f  t h e  f i l m  ( i n d i c a t e d  by t h e  
d o t t e d  l i n e s ) .  It i s  b e l i e v e d  t h a t  t h e  d o u b l e  p e a k s  
r e c o r d e d  on t h e  s t a t i o n  4 t r a c e  a r e  due t o  t h e  t h r e e  
d i m e n s i o n a l  c h a r a c t e r i s t i c s  of t h e  combust ion i n  such a 
l a r g e  volume. I n s i d e  a t u b e  of 54.6 cm d i a m e t e r ,  a 
d e f l a g r a t i o n  wave t r a v e l i n g  t h r o u g h  a c o m b u s t i b l e  
m i x t u r e  i s  n o t  a p l a n e  s u r f a c e  b u t  r a t h e r  it advances  a s  
t o n g u e s  of f l a m e  l e a p  fo rward  a t  v a r i o u s  a c u t e  a n g l e s  
w i t h  t h e  t u b e  a x i s .  C o n s e q u e n t l y ,  t h e  p r e s s u r e  
d i s t u r b a n c e s  which r e s u l t  f rom t h e s e  t o n g u e s  of  f l ame  
and which a r e  p r o p a g a t e d  i n  a l l  d i r e c t i o n s  r e a c h  
v a r i o u s  p o i n t s  on a g i v e n  c i r c u m f e r e n c e  of t h e  t u b e  
a t  d i f f e r e n t  times. The waves a r e  t h e n  r e f l e c t e d  from 
t h e  t u b e  w a l l s ,  i n t e r a c t ,  e tc .  I n  consequence of t h i s  
b e h a v i o r ,  a p r e s s u r e  t r a n s d u c e r ,  which o c c u p i e s  b u t  a 
s m a l l  p o i n t  on t h e  l a r g e  c i r c u m f e r e n c e  of t h e  t u b e ,  can  
be e x p e c t e d  t o  r e c e i v e  m u l t i p l e  p r e s s u r e  d i s t u r b a n c e s  
a s  it i s  p a s s e d  by d e f l a g r a t i o n  or r e t o n a t i o n  waves. 
A d e t o n a t i o n  wave, because  of i t s  v e l o c i t y ,  i s  more 
l i k e l y  t o  be p l a n a r  and t h e r e f o r e  l e s s  a p t  t o  c a u s e  
m u l t i p l e  p r e s s u r e  p e a k s  a s  it p a s s e s  a t r a n s d u c e r .  

1 

1 
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D I SCUS S ION 

S y s t e m a t i c  s t u d i e s  of  d e t o n a t i o n s  i n  f u e l - a i r  f l a m e s  
have so f a r  n o t  been r e p o r t e d  i n  t h e  l i t e r a t u r e .  
However 3 0 1 1 i n g e r ,  Fong and Edse (Ref .  2 )  found t h a t  
hydrogen-oxygen f l a m e s ,  s l i g h t l y  d i l u t e d  w i t h  n i t r o g e n  
have a s h o r t e r  i n d u c t i o n  d i s t a n c e  from t h e  s p a r k  t o  t h e  
o n s e t  o f  d e t o n a t i o n  a t  5 atm i n i t i a l  p r e s s u r e  t h a n  a t  
ambien t  c o n d i t i o n s .  Thus d e t o n a t i o n s  seem t o  be i n d u c e d  
more e a s i l y  a t  h i g h  p r e s s u r e s  t h a n  a t  1 atm. I t  h a s  now 
been e s t a b l i s h e d  t h a t  hydrogen and e t h y l e n e - a i r  m i x t u r e s  
w i l l  d e t o n a t e  g i v e n  h i g h  enough i n i t i a l  p r e s s u r e  i n  
tuDes  a s  s h o r t  a s  a p p r o x i m a t e l y  10  meters. The r e a s o n  
f o r  t h i s  f a c t  i s  n o t  e n t i r e l y  c l e a r .  A t r i v i a l  e x p l a n a -  
t i o n  would be t h a t  a t  lower p r e s s u r e s  t h e  t u b e  d i a m e t e r  
( 2 5  m m )  i s  below t h e  c r i t i c a l  d i a m e t e r  n e c e s s a r y  f o r  
d e t o n a t i o n .  T h i s  however o v e r l o o k s  t h e  f a c t ,  a s  
d i s c u s s e d  below,  t h a t  a s m a l l  d i a m e t e r  t u b e  may i n d u c e  
d e t o n a t i o n s  more r e a d i l y  t h a n  a t u b e  of l a r g e  d i a m e t e r .  
!.lore s i g n i f i c a n t  i s  t h e  f a c t  t h a t  even a t  l o w  p r e s s u r e ,  
d e f l a g r a t i o n  o r  p r e s s u r e  p u l s e s  r e a c h  v e r y  h i g h  
v e l o c i t i e s  t h a t  a r e  n o r m a l l y  t h e  p r e c u r s o r  o f  
d e t o n a t i o n .  It i s  f e l t  t h a t  t h e  g r e a t e r  e a s e  !with 
which d e t o n a t i o n s  a r e  e s t a b l i s h e d  a t  h i g h e r  p r e s s u r e  i s  
du. t o  t h e  s l o w e r  d i s s i p a t i o n  of h e a t  due  t o  t h e  h i g h e r  
d e n s i t y  of t h e  b u r n t  gas .  The way a d e f l a g r a t i o n  forms 
a d e t o n a t i o n  can  be a e s c r i b e d  i n  g e n e r a l  t e r n s  3 s  
f o l l o w s :  A l a m i n a r  f l ame  c l o s e  t o  t h e  s p a r k  i s  d r i v e n  
fo rward  by t h e  e x p a n s i o n  of t h e  b u r n t  g a s e s  and 
g r a d u a l l y  becomes h i g h l y  t u r b u l e n t .  Very h i g h  
v e l o c i t i e s  up t o  1000 m e t e r s / s e c  a r e  r e c o r d e d  d u r i n g  
t h i s  s t a q e .  Shock waves a r e  formed and p a r t i a l l y  
o v e r t a k e  t h e  f l ame  f r o n t .  These  shock waves form a 
d e t o n a t i o n  r a t h e r  s u d d e n l y ,  c r e a t i n g  s t r o n g  p r e s s u r e  
p u l s e s  t h a t  a r e  a l s o  t r a n s m i t t e d  t h r o u g h  t h e  w a l l s  of 
t h e  s t e e l  t u b e  and r e c o r d  on t h e  p r e s s u r e  t r a n s d u c e r s .  
These p r e s s u r e  p u l s e s  i n  some i n s t a n c e s  a l l o w  t o  
d e t e r m i c e  t h e  a c c u r a t e  l o c a t i o n  of t h e  o n s e t  o f  
G e t o n a t i o n .  The b u r n t  g a s e s  a l s o  w i l l  s u f f e r  h e a t  
l o s s e s  due  t o  c o n d u c t i o n  t o  t h e  w a l l .  It  seems t h a t  a 
c r i t i c a l  c c n d i t i o n  i s  r eached  a t  an e a r l y  s t a g e  b e f o r e  
t h e  t u r b u l e n t  f l ame  r e a c h e s  h i g h  v e l o c i t i e s .  I f  t h e  
b u r n t  g a s e s  c o o l  f a s t  enough a t  low p r e s s u r e  t h e n  t h e  
fo rward  t h r u s t  of t h e  f l ame  f r o n t  w i l l  n o t  r e a c h  t h e  
v a l u e  n e c e s s a r y  t o  c r e a t e  t h e  t u r b u l e n t  f l a m e  t h a t  i n  
t u r n  r e a c h e s  t h e  v e r y  h i g h  v e l o c i t i e s .  The c r e a t i o n  of 
t h e  f a s t  t u r b u l e n t  f l ame  w i l l  t h e r e f o r e  depend on 
p r e s s u r e  t h a t  c o n t r o l s  t h e  d i s s i p a t i o n  of h e a t  of t h e  



b u r n t  g a s e s ,  and on t h e  fundamen ta l  b u r n i n g  v e l o c i t y  
which c o n t r o l s  ( t o g e t h e r  w i t h  t h e  forward  movement of 
t h e  g a s )  t h e  f l a m e  speed .  T h i s  e x p l a i n s  t h e  g r e a t e r  
e a s e  w i t h  which h y d r o g e n - a i r  forms the f a s t  t u r b u l e n t  
f l a m e s  than  e t h y l e n e - a i r .  I n  me thane -a i r  t h e  ve ry  f a s t  
f l a m e s  were n e v e r  obse rved .  

i s  t h e  e a s e  w i t h  which  a d e t o n a t i o n  fo rms  from shock 
waves. T h i s  c o n d i t i o n  may be r e l a t e d  t o  spon taneous  
i g n i t i o n  w i t h  s h o r t  i n d u c t i o n  pe r iod .  
t h e  f o r m a t i o n  of a d e t o n a t i o n  t h u s  would depend on t w o  
c o n d i t i o n s ;  one r e l a t e s  t o  t h e  f o r m a t i o n  of ve ry  f a s t  
t u r b u l e n t  f l a m e s  t h a t  w i l l  c r e a t e  shock waves, t h e  
second c o n c e r n s  i g n i t i o n  from shock waves. 

Methane-a i r  f l a m e s  have a s m a l l e r  b u r n i n g  v e l o c i t y  
t h a n  e t h y l e n e - a i r  f l a m e s ,  b u t  t h e  r e d u c t i o n  i s  r a t h e r  
minor  when one c o n s i d e r s  t h e  d i f f e r e n c e s  between hydrogen 
and e t h y l e n e .  I t  i s  t h e r e f o r e  a s u r p r i s e  t h a t  methane- 
a i r  f l ames  d o  n o t  g i v e  r i s e  t o  d e t o n a t i o n s  a t  40 atm; 
i n  f a c t  t h e  d e f l a g r a t i o n  i s  so mi ld  t h a t  p r e s s u r e  r a t i o s  
a r e  ve ry  s m a l l  and much l e s s  t h a n  t h e o r e t i c a l .  A t  one  
a tmosphere  t h e  r a t e  of h e a t  d i s s i p a t i o n  i s  comparable  
t o  t h e  f o r m a t i o n  of h e a t  i n  t h e  flame f r o n t ,  t h u s  a 
f a s t  f lame never m a t e r i a l i z e s  i n  a t u b e  of s m a l l  
d i a m e t e r .  A t  h i g h  p r e s s u r e  i t  h a s  been found t h a t  t h e  
fundamen ta l  b u r n i n g  v e l o c i t y  of me thane -a i r  i s  g r e a t l y  
reduced  (Ref .  3). and i s  o n l y  a b o u t  6 cm/sec a t  40 atm. 
Thus a g a i n  no f a s t  t u r b u l e n t  f l ame  w i l l  form. Methane- 
a i r , f l a m e s  seem t o  be un ique  i n  t h a t  i n c r e a s e d  p r e s s u r e  
d o e s  n o t  promote d e t o n a t i o n .  I n  g e n e r a l ,  it is f e l t  
t h a t  i n c r e a s e d  p r e s s u r e  h a s  an i n f l u e n c e  on t h e  f i r s t  
c o n d i t i o n s  ( f a s t  t u r b u l e n t  f lame ) f o r  d e t o n a t i o n  r a t h e r  
t h a n  on t h e  second ( f o r m a t i o n  of  d e t o n a t i o n  from shock 
waves )  a s  shock waves of a g i v e n  p r e s s u r e  r a t i o  w i l l  
l e a d  t o  n e a r l y  i d e n t i c a l  t e m p e r a t u r e  i n c r e a s e s ,  
i ndependen t  of i n i t i a l  p r e s s u r e .  

a lways  o c c u r r e d  between s t a g e s  1 and 2; t h u s  e i t h e r  
d e t o n a t i o n  sets  i n  r e l a t i v e l y  e a r l y  o r  n o t  a t  a l l .  
I t  i s  t h e r e f o r e  q u e s t i o n a b l e  w h e t h e r  h y d r o g e n - a i r  would 
d e t o n a t e  i n  a t u b e  of 100 m e t e r s  l e n g t h  and 38 mm 
d i a m e t e r  a t  a l o w e r  p r e s s u r e  t h a n  i n  t h e  10 m e t e r  l o n g  
t u b e .  

l a r g e  and s m a l l  t u b e  it h a s  t o  be r e a l i z e d  t h a t  
p r a c t i c a l l y  a l l  d a t a  were  t a k e n  i n  a r e g i o n  where 

A second c r i t i c a l  c o n d i t i o n  n o t  y e t  f u l l y  unde r s tood  

I n  g e n e r a l  terms 

It i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  d e t o n a t i o n s  

In  making a compar ison  between t h e  d a t a  on t h e  

1 

, 



201. 

I 

I 

b 

d e t o n a t i o n  i s  m a r g i n a l .  Thus no s t a b l e  d e t o n a t i o n  
v e l o c i t i e s  a r e  e s t a b l i s h e d  a s  y e t ,  d e t o n a t i o n s  may be 
o v e r d r i v e n  and o v e r p r e s s u r e s  may be p r e s e n t .  T h i s  
r e g i o n  i s  of l i t t l e  i n t e r e s t  t h e o r e t i c a l l y  b u t  of  g r e a t  
i n t e r e s t  p r a c t i c a l l y  a s  a l l  f u e l - a i r  d e t o n a t i o n s  a r e  
rnargina 1. 

O r i g i n a l l y  t h e  comparison between s m a l l  and l a r g e  
t u b e  was made t o  a s c e r t a i n  t h a t  t h e  h i g h  p r e s s u r e  d a t a  
d i s c u s s e d  above a r e  m e a n i n g f u l ,  i .e. may be a p p l i c a b l e  
t o  t h e  l a r g e  t u b e .  The oxygen i n d e x  was t h u s  chosen f o r  
a comparison.  It was q u i t e  unexpec ted  t o  f i n d  t h a t  
d e t o n a t i o n s  need a h i g h e r  oxygen i n d e x  i n  t h e  l a r g e  t u b e  
t h a n  i n  t h e  s m a l l  one,  

The c o u r s e  of  e v e n t s  f rom s p a r k  t o  d e t o n a t i o n  a s  
s k e t c h e d  b e f o r e  h e l p s  t o  u n d e r s t a n d  t h e  phenomenon. 
The e a r l y  s l o w  f l ame  and i t s  b u r n t  g a s e s  w i l l  expand i n t o  
t h r e e  d i m e n s i o n s  r a t h e r  t h a n  o n l y  i n t o  one d i r e c t i o n  a s  
i n  t h e  s m a l l  t u b e .  Thus a c c e l e r a t i o n s  a r e  s m a l l e r  and a 
f a s t  t u r b u l e n t  f l ame  w i l l  form l a t e r  o r  n o t  a t  a l l  
w i t h i n  t h e  g i v e n  geometry.  T h i s  q u a l i t a t i v e l y  e x p l a i n s  
t h e  s l o w e r  o r i g i n a l  v e l o c i t i e s  and t h e  h i g h e r  oxygen 
i n d i c e s  n e c e s s a r y  f o r  d e t o n a t i o n  i n  t h e  l a r g e  t u b e .  
Shock waves formed i n  t h e  t u r b u l e n t  f l a m e  w i l l  n o t  o n l y  
move f o r w a r d  b u t  unde rgo  m u l t i p l e  r e f l e c t i o n s  on t h e  
w a l l s  and be  more s u b j e c t  t o  a t t e n u a t i o n  before t h e y  can  
c a u s e  a d e t o n a t i o n .  

O v e r p r e s s u r e s  and o v e r d r i v e n  d e t o n a t i o n s  have  been 
o b s e r v e d  b e f o r e  b u t  have n o t  been e x t e n s i v e l y  s t u d i e d .  
They a r e  of g r e a t  i m p o r t a n c e  i f  one c o n s i d e r s  t h e  s a f e t y  
of c o n t a i n e r s  where e x p l o s i o n s  o r  d e t o n a t i o n s  may occur .  
The p r e s e n t  d a t a  a l l o w s  a c l o s e r  a n a l y s i s  of  t h e s e  
phenomena. L i t t l e  e v i d e n c e  of o v e r p r e s s u r e s  i s  found 
i n  t h e  s m a l l  t u b e ,  whereas  t r u l y  a s t o n i s h i n g  p r e s s u r e  
r a t i o s  a r e  found  i n  t h e  l a r g e  t u b e ,  It  seems t h a t  two 
phenomena c o n t r i b u t e  t o  t h e  l a r g e  p r e s s u r e s  o b s e r v e d  
and b o t h  c a n  o n l y  o c c u r  i n  m a r g i n a l  d e t o n a t i o n s .  I n  
t h e  f i r s t  c a s e  a d e t o n a t i o n  d e v e l o p s  so l a t e  i n  t h e  t u b e  
t h a t  t h e  u n b u r n t  g a s  was a l r e a d y  p recompressed  b e f o r e  
t h e  d e t o n a t i o n  r e a c h e s  t h e  end of t h e  t u b e ,  Ev idence  
of t h i s  p r e c o m p r e s s i o n  h a s  been found ;  it h a s ,  however,  
t o  be p o i n t e d  o u t  t h a t  e v e n t s  u n d e r  c o n d i t i o n s  of  
m a r g i n a l  d e t o n a t i o n  a r e  n o t  v e r y  r e p r o d u c i b l e .  A l s o  t h e  
p r e s s u r e  t r a n s d u c e r s  had t o  be  c a l i b r a t e d  t o  r e a d  up t o  
100 atm t h u s  a p recompress ion  of one o r  t w o  a t m o s p h e r e s  
i s  d i f f i c u l t  t o  d e t e c t  on t h e  r e c o r d s .  As d e t o n a t i o n s  

i 



deve loped  i n  t h e  s m a l l  t u b e  a lways  v e r y  e a r l y ,  t h e  
d e t o n a t i o n  c o u l d  o v e r t a k e  t h e  p recompress ion  wave and 
no o v e r p r e s s u r e s  a r e  p o s s i b l e .  

r e f l e c t i o n  of shock waves a t  t h e  end of  the  t u b e  w i t h  
p o s s i b l e  c o n t r i b u t i o n s  from t h e  a d i a b a t i c  compress ion  
i n  t h e  t a p e r e d  end s e c t i o n  of  t h e  l a r g e  tube .  
I g n i t i o n s  have  been  obse rved  due t o  i n c i d e n t ,  r e f l e c t e d  
and doub le  shock  waves. I n  e a c h  c a s e  t h e  i g n i t i o n  o c c u r s  
i n  precompressed  g a s ,  t h u s  l e a d i n g  t o  o v e r p r e s s u r e s .  
The l a r g e s t  p r e s s u r e  r a t i o  obse rved  b e i n g  80. 

It was hoped t h a t  p a v e r f u l  w a t e r  c u r t a i n s  would 
c a u s e  d e f l a g r a t i o n s  o r  d e t o n a t i o n s  t o  d i e  o u t  or a t  l e a s t  
t o  modera te  a p p r e c i a b l y  t h e  p r e s s u r e  p e a k s  i n  t h e  v e s s e l .  
T h i s  was n o t  found t o  be t h e  c a s e .  D e t a i l s  of t h e  e v e n t s  
i n  t h e  w a t e r  c u r t a i n s  a r e  f u l l y  d i s c u s s e d  i n  t h e  p r e v i o u s  
p a r a g r a p h ,  

F i n a l l y  it may be ment ioned  t h a t  the  v e r y  h i g h  
p r e s s u r e  p e a k s  c o u l d  be f u l l y  s u b s t a n t i a t e d  by s t r a i n  
gage  measurements  on t h e  o u t s i d e  w a l l  of t h e  l a r g e  
vessel. 

A second c a u s e  of o v e r p r e s s u r e s  i s  due t o  t h e  
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LOCATIONS OF STATIONS AND WATER IEJJECTION PORTS 

DISTANCE FROM SPARK. metera 

51-6 ca TUBE S 8 T T U B E  

1 000 0.80 
1.53 

1 e 4 8  3.30 
2&9 5031 
3.50 6.30 
1.00 7030 
5.d 7.80 
6.01 8.30 
7.01 8.80 
8.01 
8.51 
9.m 
9;51 
9.85 
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TABSLE V I 1  

SU’hNARY OF WATER INJECTION RUNS AND SIMILAR RUNS WITHOUI WATER INJECTIOI? 

Fm3L 0.1. O/F 

H2 0.21 0.52 
.21 .53 
21 .54 
.21 .63 
‘.21 .67 
e29 e 5 1  
2 9  -53 
e30 -54 
.30 -53 
.33 .56 
.37 .59 
e40 *57 

C2H4 0.21 3.1 
21 3.3 
.23 3.i 
-33 3.1 
.34 3.3 
.37 3.4 
e38 3.3 
2 8  3.6 
.39 3.3 

CH4 0.32 2.1 
.32 2.3 

.36 2.3 

.37 1.8 

.39 2.1 

.39 2.1 

.39 2.2 

.45 1.8 

.45 2.2 
-45 2.3 
.47 2.1 
.47 2.2 
.48 2.2 
.48 2.5 
.49 2.1 

. .% 2.5 
.57 2.1 

e35 2.8 

RUN NO. 
1oB-1-x 

E6 
u5 
52 
U6 
137 
I31 
l30 
lI.2 
n 3  
55 

ll.0 
56 

I34 
127 
93 
96 

u3 
97 
107 
109 
108 

71 
u2 
89 

u.5 
83 
73 
72 

116 
84 

117 
u.8 
l24 
lY, 
120 
90 

I l 9  
91 
5 1  

51 
51 
a 
a 
5 1  
5 1  
5 1  
51 
a 
.a 
51 
a 

51 
51 
a 
a 
5 1  
a 
48.5 
a 
5 1  

a 
5 1  
a 
51 
a 
48.5 
a 
a 
a 
51 
51  
a 
51  
51 
a 
51 
a 
36 

Signal; Sac. 

0.86 - 
2 5 

-.8 . 
d.8 - 

.21 

- 
.86 

-.8 

.u 

.17 

- 
2 0  

I 

-2 5 
.28 

.19 
4 8  

.37 

Apparently no Combustion 
Apparently no Combustion 
Deflagration 
Deflagration 
Deflagration 
Apparently no Combustion 
Detonation 4 - 9 
Detonation 4 - 9 
Detonation 4 - 9 
Detonation 2 - 5 
Detonation 0 - 2 
Detonation 2 - 5 
Apparently no Combustion 
Apparently no Combustion 
Deflagration 
Aut oignition 
Detonation 4 - 9 
Detonation 2 - 5 
Aut oignit  ion 
Detonation 3 - 9 
Autoignition 

Deflagration 
Apprent ly  no Combustion 
De fhgrat  i on 
De flagrat ion 
Deflagration 
Apprent ly  no Conbustion 
Autoignition 
Deflagration 
Deflagration 
Apparently no Combustion 
Autoignit ion 
Autoignition 
Autoignition 
Autoignition 
Autoignition 
Detonation 4 - 9 
Detonation 2 - 5 
Detonation 0 - 2 

a - No water injected in these 171~19. 
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